Introduction
An airlift system is an example of gas-liquid contacting devices for which its application in biotechnology area has grown significantly in recent years [2, 3] . It is considered that the liquid-phase behavior in bioreactors and in coal liquefaction can be simulated by dilute non-viscous aqueous alcohol solutions. Moreover, alcohols may be added during biological treatment processes as an external source of carbon.
The addition of alcohol influences the volumetric mass transfer coefficient. The increase in both alcohol concentration and length of the straight chain of the alcohol molecule results in increase of the volumetric mass transfer coefficient in bubble columns [4] , external-loop airlift reactors [5] and draft-tube airlift reactors [6, 7] . Azher et al. [8] have investigated the effect of addition of methanol, propanol and butanol of 0.01 to 0.1 %(v/v) on mass transfer characteristics in a split rectangular airlift bioreactor, and showed that the liquid-phase volumetric mass transfer coefficient decreases dramatically with alcohol addition at a superficial gas velocity higher than 0.033 m/s, despite the large increase in interfacial area and this effect was also favored by long carbon chain length. Alcohol solutions, as a coalescence inhibition medium, have a strong influence on bubble shape and bubble size ( ) * + , -. + ï ì î ñ ñ ë îê ñ ò ê ë õ ì ó ñ ïï ì ó ñ ï ¬÷ ó ñë õ ñë ï÷ ó õ ñ ê é ï ò ñï ì ó ñ ïê ñ ñ é / ñ é ò ñ ñ ÷ ò ê ï ñê õ õ ñ ê ñ ë ê ó ñ ì ë 0 ó ë ÷ ò ê ï ñ Ë% ê ï ñ ñ ë ê ñ ¬ ò îñ / ñ ¬ì ê ñ÷ ê ò ñï ì ó ñ ï é ï ì ó ë ë ïõ ê ÷ ó ñ ë ò ñ ñ ñ ë ë ñ ê õ ñê ò ñ ò ñï ì ó ë ë ï õ õ ñ ê ñ Ëâ÷ ñ / ñ ò ë ïõ ê ÷ ó ñ ò ñï ì ó ñ ï ¬ ò ñï ê ë ê ë ò ñ ñ ñ ë ë ñ ê õ ñë ï/ ñ 1ñ ñ õ ë / ñ Ë& ñò ê / ñ2 ñ ñ ï ó 1 ë ò ñê ÷ ÷ ì ë õ ê 2 ë ì ë 1 ó ì ê ï ë õë ê ë ê ë ò ñê ë ê ë éñ ò ¬ê ó ò ê ò ñ ñ ñ ñõ õ ñ ê ë ñ ë õ ë ñ õ 1 ï ì ó ñ ïë ïë é÷ / ñ ñ ê ì 12 1 ò ë ïë ê ë ê ë Ë ò ë ï ÷ ê ÷ ñ ¬ ò ññ ñ õ ï ò ñ ñ ñ ë ê ñê ò ñó ì ê ï ë õë ê ë ê ë ò ñ ñ ñ ñõ õ ñ ê ë õ ò ê ê õ ñ ë ï ë õ ïê ñ ñ ÷ ñ Ë 3 4 5 67 , * 8 ñ ñ ñõ õ ñ ê ë ¬ ñ ñ ë ê ñ ¬ì ê ï ë õë ê ë ê ë Ë ?-@ É =A BCaeÉ Ê ; ; ç D E distribution and therefore, on the global hydrodynamics and mass transfer parameters. In these studies, however, single orifice sparger was employed. It is considered that the type of sparger may influence the global hydrodynamics and mass transfer, especially.
In our previous paper [1] , the effect of alcohol addition on the liquid-phase volumetric mass transfer coefficient was shown in an external-loop airlift reactor with a porous plate using an air-water system to which methanol, ethanol or n-propanol was added in concentration ranging from 0.002 to 1 wt%. However, in that case, we used only one kind of porous plate as a gas sparger.
The purpose of this study is, therefore, to investigate the effect of three kinds of dilute alcohol solutions (methanol, ethanol and n-propanol) of 0.002 to 2 wt% on liquid-phase volumetric mass transfer coefficient in an external-loop airlift bubble column using five kinds of porous plates. Such an external-loop airlift reactor has been chosen due to the simple construction compared to an internal-loop airlift reactor. External-loop airlift reactors have only received little attention in the literature up to now, and their performance with non-coalescing media has still to be clarified as mentioned previously [1] . Fig. 1 shows the experimental apparatus. The airlift bubble column was constructed of Plexiglas tubes (i.d. 0.14 m). The height of the riser and downcomer, H T , was 2.67 m. As shown in Table 1 , five kinds of porous plates were used as gas spargers.
Experimental 2.1 Apparatus and liquids used
Four kinds of liquids were used to examine the effect of alcohol addition on mass transfer. Experiments were carried out at 20
. The physical properties of these liquids are presented in Table 2 .
Surface tension, σ, was measured using a Whihelmy method (CBVP-A3, Kyowa Interface Science Co.
Ltd.). Viscosity, μ, was determined using an Ubbelohde viscometer and density, ρ, was measured using a digital density meter (DMA4500, Anton Paar). These values of physical properties are almost equal to those of the water except for the surface tension at high concentration.
Liquid-phase volumetric mass transfer coefficient
The liquid-phase volumetric mass transfer coefficient based on liquid volume in column, k L a T , was determined by means of the dynamic oxygen method [9, 10] . Nitrogen was sparged into the column to remove the dissolved oxygen in the liquid, and the air flow was started. The change of the dissolved oxygen concentration with time in the liquid was measured using a dissolved oxygen meter (Model YSI58, Nihon Kagaku Kikai Co.), having a probe set in the upper region of the downcomer. Assuming a well-mixed liquid phase and a constant gas concentration along the column axis, the mass balance equation for oxygen based on the liquid 
59ae8Qabd278Aëcd(e)3G H~¯"de1/ Ðsr tuÒef GH~¯23GH~¯8:6!9a80VW
volume, V L , has been obtained as follows.
This differential equation has been solved using the following conditions.
As a result, theoretical dissolved oxygen concentration, C, can be described by the following equation.
Then, k L a T can be determined from the slope of the semi-log plot of oxygen concentration versus time.
For an external-loop airlift column, the major part of the mass transfer is located in the riser. To evaluate the volumetric mass transfer coefficient based on
we used the following equation [10] .
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coefficient, especially at small alcohol concentrations. As it was observed that the addition of alcohol inhibits the coalescence at the gas sparger and in the liquid, and generates small bubbles, a large volumetric mass transfer coefficient could be expected due to the increase in gas-liquid interfacial area. However, the authors [1] showed that this surprising result can be explained by a strong increase in k L values in liquid-phase volumetric mass transfer coefficient due to the increasing amount of small bubble leading to larger partial pressure of transfer component within bubbles based on capillary pressure.
Furthermore, from these figures, it is found that the influence of alcohol addition for increasing the volumetric mass transfer coefficient increases with decreasing the pore diameter of porous plate and increasing the carbon chain length, and k L a R for alcohol solution is larger around double to four times than that for water.
Correlation of liquid-phase volumetric mass
transfer coefficient Fig. 5 shows the arithmetic mean value of the ratio of the liquid-phase volumetric mass transfer coefficient in the riser in dilute alcohol solution to that with water system as a function of alcohol concentration. As illustrated in this figure, the volumetric mass transfer coefficient increases with increasing the alcohol concentration. For the porous plate having small pore diameter, dilute alcohol addition enhances dramatically liquid-phase volumetric mass transfer coefficient in the riser. This behavior is enhanced by alcohols with long carbon chain lengths probably due to the inhibition of bubble-bubble coalescence at the plate and in the liquid. Also, this figure shows the reduction of the volumetric mass transfer coefficient over any critical concentration for each porous plate. This behavior is much remarkable for the porous plate with large pore size. Fig. 6 shows the correlation of the liquid-phase volumetric mass transfer coefficient for the results obtained in this study including the effect of alcohol0.001 0.01 0.1 1 10 n-Propan ol con centrat ion [wt %] C P-20 P-70 P-100 P-120 P-150
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Where, the dimension of C A is wt%, d H μm and C N carbon number of alcohol. The liquid-phase volumetric mass transfer coefficient for water has been already reported by the authors [11] as follows. 
Conclusion
In this work, we have studied the effect of alcohol addition on the gas-liquid mass transfer in an external-loop airlift reactor with a porous plate. The results clearly show that the presence of coalescence-inhibition media, that is, alcohol, which is the rule in biological processes, significantly affects the mass transfer behavior. The liquid-phase volumetric mass transfer coefficient has been shown to increase dramatically with alcohol addition. As alcohol addition reduces the bubble diameter, it seems that it increases the driving force of mass transfer due to the increase in capillary pressure, that is, partial pressure of transfer matter. This effect is also favored by alcohol with long carbon chain length and porous plate with small pore size. However, the reduction of the volumetric mass transfer coefficient over any critical concentration for each alcohol was observed for each porous plate. From these results, the empirical equation for the liquid-phase volumetric mass transfer coefficient in an external-loop airlift bubble column with a porous plate in dilute alcohol solutions in concentration ranging from 0.002 to 1 wt% is obtained. 
